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Available online 29 August 2015AbstractThis article examines the current knowledge of the effects of both exogenous and endogenous glucocorticoids on bone and muscle. It
demonstrates the similarity of effects of supraphysiologic loads of glucocorticoids regardless of whether they enter the body in the form of
medication or are manufactured by the body in response to stimuli such as inflammation. The effects of endogenous glucocorticoids and the
systemic inflammatory response resulting from pediatric burn injury are compared and the difficulty in sorting out which of the two factors is
responsible for the ultimate effects on bone and muscle is pointed out. The focus then switches to the body's response to the influence of both
glucocorticoids and inflammatory cytokines and evidence supporting a common pathway of response to oxidative damage caused by both is
discussed. Current recommended medical management of glucocorticoid-induced bone and muscle loss is discussed and the failure to reconcile
current management with known mechanisms is highlighted.
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Much has been learned since 1932 when Harvey Cushing
described the set of symptoms that denoted hypersecretion of
ACTH most often due to a pituitary adenoma. A set of
symptoms prominently featured include truncal obesity, a
rounded face, increased fat around the neck, and peripheral
muscle wasting, weakened bones, leading to vertebral
compression fractures, striae on the abdomen and buttocks,
hirsutism, fatigue, muscle weakness, fluid retention, hyper-
tension, and hyperglycemia [1].
The original publication by Cushing [2], as it turns
out, was the first description of the effects of endogenous
glucocorticoids on bone and muscle, a description that
became identified with the effects of exogenous* Department of Orthopaedic Surgery and Rehabilitation, University of
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chronic inflammatory and neoplastic diseases. Thus for the
longest time the deleterious effects of glucocorticoids on
bone and muscle were identified exclusively with steroid-
based medications.
This review will touch on the clinical side-effects of
glucocorticoid medications and then will proceed to the more
complex subject of the effects of endogenous glucocorticoids
on bone and muscle and the interactions of glucocorticoids
with the systemic inflammatory response. Following this the
discussion will move on to focus on the identification of a
common mechanism of glucocorticoid effect on both bone
and muscle and will conclude by examining unanswered
questions regarding the interactions of bone and
muscle under the influence of glucocorticoids. A discussion
of current management of these glucocorticoid side effects
will provide a perspective as to how far we have yet to go
in order to match mechanism with clinical management. It
is hoped that this review will shed light on both the depth
and the complexity of glucocorticoid effects on bone and
muscle.hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
Table 1
Pathologic conditions stimulating endogenous glucocorticoid production.
Inflammation [8]






Angiotensin II infusion [10]
Metabolic acidosis [10]
Starvation [10]
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medications on bone and muscle
The clinical side-effects of steroid medications on bone and
muscle have been the subject of numerous reviews and text-
book descriptions. Glucocorticoid-based medications have
potent anti-inflammatory effects and are widely used to treat
chronic inflammatory conditions such as inflammatory bowel
disease, systemic lupus, rheumatoid arthritis, neuromuscular
diseases such as Duchenne muscular dystrophy, reactive
airway diseases such as asthma, and immunosuppression in
organ transplantation, among other situations. As concisely
stated in a review by Ziegler and Kasperk [3], glucocorticoids
can cause both muscle wasting and decreased bone formation.
There is a question as to whether they truly cause calcium
malabsorption with resultant secondary hyperparathyroidism
and resorptive bone loss, but this has recently been reported in
mice with the mechanism attributed to glucocorticoid-
associated decreased expression of intestinal calcium chan-
nel TRPV6 [4]. It is unclear, however, as to the significance of
this mechanism in humans. Nonetheless, the effects of exog-
enous glucocorticoids on bone formation and peripheral
muscle wasting are well described. The likelihood of muscle
wasting and steroid-induced osteoporosis increases if the
duration of treatment exceeds 3 months or consists of 3e4
courses of treatment per year with an oral dose of at least 5 mg
prednisone per day [5]. To minimize the chances of systemic
steroid side effects the dose of oral steroids should be less than
7.5 mg daily, should last less than 3 months, and should be
given less than 3e4 times per year [6].
Glucocorticoid-induced osteoporosis is a condition that
causes fractures in 30e50% of adults on long-term treatment
and approximately 1.5% of post-menopausal women in the
United Kingdom receive long-term treatment with glucocor-
ticoids [7]. In 2000 approximately 1% of the population of the
United Kingdom was treated with steroids at any one time
with 22% of the total treated for more than six months [7].
From data obtained in Iceland approximately 26% of the
population treated with long-term glucocorticoids developed
osteoporosis [7]. While fracture rates increase with age, long-
term steroid intake of prednisolone 5 mg/day or greater in-
creases the fracture rate by an additional 20%, a figure that
increases to an additional 60% if the amount of prednisolone
taken reaches 20 mg/day [7].
3. The effects of endogenous glucocorticoids on bone and
muscle
While steroid side effects can be produced by supra-
physiologic doses of steroid medications, it is well-known
from Cushing's initial description that endogenous glucocor-
ticoids are capable of producing identical effects, whether it be
from a pituitary tumor, as first described [2], or from another
condition. It is important for the physician to be aware of
which conditions have been documented to produce excessive
endogenous glucocorticoids. Representative conditions can be
found in Table 1.The mechanism of action by which angiotensin II infusion
stimulates endogenous glucocorticoid production is not iden-
tified to date but urinary production of glucocorticoids is
elevated in mice and rats [11].
A good illustration of the pathophysiologic elevation of
endogenous glucocorticoids is the scenario that occurs
following a severe burn injury. Burns can be considered to be
an appropriate case study to examine mechanisms of gluco-
corticoid effects on bone and muscle because in clinical sit-
uations, with the exception of glucocorticoid-producing
tumors, elevation of glucocorticoids does not occur in isola-
tion. Although it can be argued that burn injury causes tissue
damage and necrosis, which may result in activation of path-
ways other than what is observed with exogenous glucocor-
ticoid injury, the injury itself results in at least two major
adaptive responses that occur immediately following a burn
injury. The first is the systemic inflammatory response, during
which a variety of pro-inflammatory cytokines are released,
notably interleukin (IL)-1b and IL-6, the former being three-
fold elevated and the latter one hundred-fold elevated [9]. At
approximately the same time, urinary free cortisol excretion is
3e8-fold elevated [9]. It is not certain whether the trauma of
the burn injury activates both responses independently of each
other or whether the release of pro-inflammatory cytokines
precedes the rise in endogenous glucocorticoid production [6].
The timing of this sequence has not yet been studied. None-
theless both responses are vigorous and both occur acutely
following burns and to argue that necrosis may trigger
different mechanisms is speculative.
The initial effect on bone, as illustrated in a sheep model of
burn injury [12], is an acute increase in urinary excretion of
the C-telopeptide of type I collagen, or CTx, a biomarker of
bone resorption, on day one post-burn. By day 5 post-burn
there is histologic evidence of increased bone resorption, as
shown by the presence of scalloping on scanning electron
microscopy [12]. The significance of this finding is that in
those first five days at least, despite the elevation of urinary
free cortisol excretion, there is no significant steroid-mediated
apoptosis of osteoblasts or osteocytes. The reason for the
persistence of resorption despite the presence of large quan-
tities of glucocorticoids that can cause osteoblast and osteo-
cyte apoptosis is not understood.
The dictum that glucocorticoids can stimulate bone cells to
transiently increase production of the ligand of the receptor
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upon. Work by Weinstein et al. [13] indicates that glucocor-
ticoid exposure prolongs the life of mature resorptive osteo-
clasts, therefore, possibly prolonging resorptive activity.
However, extensive work by Kim et al. [14] demonstrate
in vitro and in vivo in mice that knockout of the glucocorticoid
receptor in the osteoclast lineage cells protects the animal
from bone resorption while wild type mice exposed to glu-
cocorticoids actually experience an inhibition of bone
resorption as a result of cytoskeletal disorganization within the
osteoclast.
Also of interest is that by 2 weeks post-burn, at least in
children, a hypodynamiceadynamic bone turnover is observed
[9]. This hypodynamic state occurs in spite of the persistence
of very high blood levels of pro-inflammatory cytokines [9].
At this point in time, two weeks post-burn, not only have
osteoblasts disappeared from the bone surface of the iliac crest
but osteoblast differentiation is also impaired [15]. At this time
point resorption is also low as noted by lower-than-normal
urinary concentration of deoxypyridinoline (Dpd), a
biomarker of type I collagen breakdown fragments [9]. Thus,
in the setting of acute burn injury bone resorption takes place
immediately but it takes approximately two weeks for the
injury to affect bone cell production. It would therefore appear
as if inflammation-mediated bone resorption occurs early post-
burn and it takes approximately two weeks for the effects of
glucocorticoid excess to manifest themselves.
Why events occur in this particular order is not clear. If the
pro-inflammatory cytokine response stimulates acute bone
resorption and yet those cytokine levels persist at 2 weeks
post-burn, why does the resorption slow down or stop? There
are at least two possibilities that could explain this scenario.
The first is that the osteoclast proliferation resulting from the
high production of inflammatory cytokines may result in the
release of osteoclastic clastokines, substances such as sphin-
gosine-1-phosphate that can stimulate osteoblastogenesis. It is
possible that by 2 weeks post-burn clastokine production slows
down or stops. The second possibility is the gradual loss of
osteocytes. As they become fewer in number the amount of
ligand of the receptor activator of nuclear transcription factor
NFkB (RANKL) they produce is insufficient to sustain bone
resorption at the level at which it was initially driven by the
stimulus from pro-inflammatory cytokines.
Immobilization, which occurs very early on following the
burn injury, appears to be mediated by an increase in sym-
pathetic tone. Osteoblasts contain beta adrenergic receptors
and it is possible that early immobilization may contribute to
the increase in bone resorption that is observed as long as the
osteoblasts remain viable. Mechanisms of muscle wasting
related to immobilization are not entirely clear.
Another reported effect of glucocorticoids is to decrease
intestinal calcium absorption, which results in secondary hy-
perparathyroidism [3]. At the very least this is not always the
case. In our sheep model of burns, there is a 50% up-regulation
of the parathyroid calcium-sensing receptor at 48 h post-burn
[16]. In pediatrics this results in hypocalcemic hypoparathy-
roidism with hypercalciuria [17]. In this case burn patientsreceive large quantities of calcium intravenously to try to
compensate for the hypocalcemia [17]; thus malabsorption of
calcium is not an issue.
With regard to muscle, catabolism begins early. Within the
first few days of burn injury muscle protein breakdown ex-
ceeds muscle protein synthesis as demonstrated by stable
isotope infusion studies of labeled phenylalanine [18]. It is not
known exactly how early the muscle breakdown begins
because of the critical state of the patient until he or she is
stabilized. However, muscle breakdown and resorptive bone
loss are occurring simultaneously. The inflammatory response
itself is capable of causing muscle breakdown so it is not
certain precisely which process, inflammation or endogenous
glucocorticoid production, is the primary cause of initial
muscle breakdown. However, it is clear that as bone becomes
hypodynamic to adynamic, muscle breakdown continues [19].
Thus, precisely when glucocorticoids begin to effect muscle
breakdown is not clear at present.
Large numbers of studies have been carried out on the
catabolic effect of burn injury on muscle. Most of these have
been done using stable isotope measurements of muscle pro-
tein synthesis, breakdown, and net balance. These techniques
are described below in order to give the reader a basis for
evaluating the published studies on which this review is based.
The technique for carrying out the stable isotope infusion
studies involves a lengthy protocol [18e20] consisting of a
timed intravenous infusion of labeled phenylalanine followed
by an infusion of unlabeled amino acids. Phenylalanine is
neither synthesized nor oxidized in muscle and its rate of
disappearance from arterial blood is an index of muscle pro-
tein synthesis and the rate of appearance in venous blood is an
index of muscle protein breakdown. The unlabeled amino
acids given during the last three hours of the infusion provide
additional substrate for the synthesis of muscle protein. The
subject has catheters placed in an artery and a vein. Baseline
blood samples and muscle biopsies are obtained, and leg blood
flow is measured using an indocyanine green dilution tech-
nique [20]. From timed sample collections and leg blood flow
determinations the fractional synthesis rate, breakdown rate,
and net balance of phenylalanine can be calculated.
At this point there are no good biomarkers that can help to
distinguish effects caused by inflammation and those caused
by glucocorticoids. This difficulty actually suggests that the
effects of inflammation and glucocorticoids may evoke a
common response from the body and that similarly the effects
of glucocorticoids on both muscle and bone may result in a
common response. This will be examined in the next section.
4. Is there a common mechanism by which
glucocorticoids affect both bone and muscle?
In this section the question of what glucocorticoids do to
both bone and muscle will be altered to address the subject of
the body's response to glucocorticoid exposure as manifested
in both bone and muscle.
Addressing the response of bone to glucocorticoids, it has
recently been reported that glucocorticoids induce oxidative
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response to the oxidative stress [21e24] is what may produce
the effects on bone that are attributed to steroid toxicity. It is
not immediately apparent as to why or how glucocorticoids in
excess stimulate production of reactive oxygen species by the
body. However, the association of glucocorticoids with reac-
tive oxygen species has been reported in several tissues
including the nervous system and studies carried out in neural
tissue can perhaps shed some additional light on what is taking
place in both bone and muscle.
Thus Du and colleagues [25] showed that the incubation of
cortical neurons with corticosterone increased mitochondrial
oxidation in a dose and time-dependent manner. Most cellular
electrons that leak from the electron transport chain react with
oxygen in the mitochondria, producing a superoxide. These
superoxides are then converted to hydrogen peroxide in the
mitochondria by the action of superoxide dismutase. You et al.
[26], in studying rat hippocampal slice cultures, showed that
incubation with dexamethasone increased the hippocampal
oxidative state by 200% in a dose-dependent fashion; this
condition was inhibited by pre-treatment with the steroid re-
ceptor antagonist RU 486 or the reactive oxygen species
scavenger N-acetyl L cysteine. Furthermore, in vivo studies by
Sato et al. [27] in the rat demonstrated that 2 weeks of
exogenous administration of corticosterone increased hippo-
campal oxidative markers such as lipid peroxidation while the
anti-oxidant enzymes, such as superoxide dismutase, catalase,
and glutathione peroxidase activities decreased. Concomi-
tantly, this study also documented reduced glucocorticoid re-
ceptor expression, a feature of elevated hippocampal
glucocorticoid levels [27]. Similar findings have been reported
in rats by Zafir and Banu [28].
In bone, studies in mice have shown that oxidative stress ac-
tivates the nuclear transcription factors in the forkhead box O
family, more commonly known as FOXO [22]. FOXO tran-
scription factors are capable of entering the cell nucleus under
conditions of oxidative stress, binding tob-catenin, and diverting
it from binding with T cell factors that allow development of
osterix positive marrow stem cells into osteoblasts [22]. In this
way FOXO transcription factors can suppress theWnt-b catenin
signaling pathway in the development of osteoblasts. In osteo-
clasts, reactive oxygen species generate osteoclastogenesis [24].
FOXO proteins can attenuate hydrogen peroxide accumulation
in the mitochondria of osteoclast precursor cells, thereby inhib-
iting their differentiation into osteoclasts [24]. The consequence
of this function is reduced osteoclast numbers and reduced bone
resorption. Therefore, FOXO transcription factors can reproduce
the hypodynamiceadynamic bone seen in conditions of gluco-
corticoid excess.
With regard to muscle, FOXOs, in particular FOXO1 and
FOXO3, have also been implicated in muscle wasting. Two
muscle-specific ubiquitin ligases, muscle ring finger protein-1
(MuRF-1) and atrogin-1 muscle atrophy F box, ubiquitinate
various sarcomeric proteins, such as myosin heavy chain,
which are then targeted for degradation. Thus, Castillero et al.
[29] reported that peroxisome proliferatoreactivator (PPAR)
b/d up-regulates muscle FOXO1 expression with downstreamup-regulation of ubiquitin ligases atrogin-1 and MuRF 1,
which initiate muscle wasting and that the muscle wasting can
be blocked by inhibition of PPAR b/d. Moreover, a functional
glucocorticoid response element has been identified in the
mouse FOXO1 promoter [30], and the administration of an
anti-oxidant, resveratrol, prevents dexamethasone stimulation
of muscle atrophy-related ubiquitin ligases, the downstream
signals from FOXO transcription factors, in vitro [31]. The
timing of the muscle atrophy induced by steroids is relatively
rapid. In the case of the rat it can occur within 24 h [32].
Moreover, it is possible that sepsis-induced FOX01 is also
mediated by glucocorticoids [33].
Thus, glucocorticoids likely cause oxidative damage to
both bone and muscle and it is the body's adaptive response to
this damage, i.e., stimulation of FOXO transcription factors to
protect the tissues from further oxidative damage, that itself
appears to produce both the hypodynamiceadynamic bone as
described in the paragraph above as well as the peripheral
muscle wasting. Moreover, inflammatory cytokines [21] and
sepsis [33] have also been shown to work through stimulating
FOXO1 production. Might this be a final common pathway
that is shared by glucocorticoids, inflammatory cytokines, and
perhaps other deleterious factors?
While the abovemechanism has been worked out in animals,
the extent to which it is functional in humans has not yet been
determined. Moreover, the situation in muscle is more complex
than that which has been so far been described for bone. Thus,
for example, fast-twitch muscles contain a greater glucocorti-
coid receptor density than slow-twitch muscles [34]. This
finding suggests that slow-twitch fibers may be spared in
glucocorticoid toxicity. Furthermore, in addition to regulating
protein breakdown through the ubiquitin ligases, both MuRF-1
and atrogin-1 may also contribute to a decrease in protein syn-
thesis in response to glucocorticoid administration [35] (Fig. 1).
To complicate matters further, glucocorticoids may stimu-
late inflammatory pathways as a means of contributing to
muscle atrophy. Thus glucocorticoids can stimulate the protein
TRAF6, which couples inflammatory signals from membrane-
bound cytokine receptors to transcription factors such as
NFkB, which help induce the inflammatory response [36].
This report thus provides evidence that both the inflammatory
and stress responses may work in the same pathway.
Also, myostatin, the protein produced in skeletal muscle
that downregulates myogenic differentiation, is upregulated by
glucocorticoids. Glucocorticoid response elements are present
in the human myostatin promoter [37]. Further, glucocorti-
coids serve as insulin antagonists and prevent the insulin-
activated pathway that stimulates phosphatidyl inositol ki-
nase, resulting in the up-regulation of FOXO transcription
factors [38]. Micro RNAs may also contribute to the
glucocorticoid-induced muscle atrophy as several of them are
up-regulated during the process of glucocorticoid therapy [39].
Finally, synthetic glucocorticoids appear to be potent in-
hibitors of the muscle satellite, or stem cell, population [40].
Thus, while muscle and bone may have some atrophy-
resorption pathways in common the situation remains
extremely complex.
Fig. 1. Depicted is a schematic diagram of the proposed final common
pathway of oxidative damage to both bone and muscle. The final bidirectional
arrow between muscle and bone with the question mark illustrates the point
that there is no known interaction between muscle and bone with oxidative
stress but neither is an interaction ruled out. MuRF-1: muscle ring-finger
protein-1, atrogin-1: atrogin-1 muscle atrophy F box.
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If we accept the evidence above that glucocorticoids induce
a common response in both bone and muscle, that is, up-
regulation of the body's anti-oxidant system via FOXO
signaling, how would muscle and bone influence each other's
actions when oxidative damage is causing muscle atrophy and
hypodynamic bone? Reduction in skeletal loading as would
occur with muscle atrophy would presumably result in further
decreased bone formation and potentially increased resorption,
and similarly, if bone communicates with muscle [19] what
might occur if muscle wasting were to be stimulated by
FOXO? This issue is not addressed but serves to illustrate the
complexity of the interactions of muscle and bone under cir-
cumstances of stress. Moreover, when increased oxidation of
neural tissue is added to these organ interactions the
complexity of these interactions becomes greater still.
6. Management
Given the recent developments in understanding of the ef-
fects of glucocorticoids on muscle and bone, there are no
specific therapies developed to date that address these mech-
anisms. Clearly the targeted use of anti-oxidants needs to bestudied, as well as the properties of drugs currently used to
treat bone loss, in order to determine whether any of these
treatments have anti-oxidant properties. Further updates will
be awaited in this area. However, given that no mechanism-
based therapy has been developed to manage glucocorticoid-
induced bone and muscle loss, recommendations still exist
for the management of this condition, at least in adults. The
United States Food and Drug Administration endorses the use
of some bisphosphonates such as alendronate, risedronate and
zolendronate to treat glucocorticoid-induced osteoporosis. The
rationale for the use of bisphosphonates is to utilize the anti-
resorptive properties of bisphosphonates to prevent resorp-
tive bone loss in conditions associated with long-term steroid
treatment, although whether the glucocorticoids themselves
exacerbate resorptive bone loss or whether the resorption is
due to inflammatory cytokines has long been a subject of
much debate. Currently there is no answer to this question.
Are anti-resorptives effective? A recent study by Overman
et al. [41] demonstrated that in a group of nearly 8000 post-
menopausal women taking long-term glucocorticoid medica-
tion initiation of osteoporosis treatment within the first 90 days
of steroid use, either with an anti-resorptive or with para-
thyroid hormone, resulted in a 48% reduction in fracture
incidence during the first year of steroid use and a 32%
reduction in fracture incidence over the first three years of
glucocorticoid therapy. This would definitely indicate a certain
measure of efficacy but with use of parathyroid hormone does
not speak specifically to a single mechanism of action in
reducing fracture risk. The recent 2010 guidelines proposed by
the American College of Rheumatology [42] recommend that
patients at low to moderate fracture risk according to
computer-based FRAX (http://www.sheffield.ac.uk/FRAX)
calculations of <10% as low and 10e20% as moderate
probability of a major fracture should be treated if they are
receiving chronic steroid therapy of at least 7.5 mg per day. In
contrast, those at high risk for major fracture with a FRAX
calculation >20%, or a bone mineral density T score of 2.5
or below should be treated if they receive any dose of gluco-
corticoid for greater than one month's time or if they receive
greater than 5 mg/day of prednisolone equivalent for less than
one month The American College of Rheumatology also
recommends treatment of pre-menopausal women of non-
childbearing potential who receive steroid therapy for at
1e3 months.
This method of management contrasts with that of pediatric
patients exposed to chronic glucocorticoid therapy for in the
management of chronic rheumatoid arthritis. According to a
recent survey taken of 86 practicing pediatric rheumatologists
in North America, Soybilgic et al. [43] reported that 79% of
the practitioners did not obtain a baseline bone density ex-
amination prior to initiation of glucocorticoid therapy, only
42% followed bone density annually, and 35e50% of practi-
tioners prescribe bisphosphonates sometimes, frequently, or
always. Therefore, there is great variability in the evaluation of
pediatric patients receiving long-term glucocorticoid therapy,
as well as in their management, although approximately 80%
of the practitioners polled stated they prescribe calcium and
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porting the use of these supplements in the prevention of
osteoporosis or osteoporotic fractures.
Recommendations are far more tentative with regard to
prevention of the muscle wasting occurring with glucocorticoid
treatment. There are no guidelines issued by any professional
society regarding recommended measures for treatment or
prevention of steroid-induced muscle loss. The most current
recommendations mix resistance training exercise with a high
protein diet in helping to control muscle wasting [44,45].
7. Summary and conclusions
Glucocorticoids have been demonstrated to produce
oxidative stress in multiple tissue, including bone, nervous
tissue, and possibly muscle. The common response to this
form of stress, the up-regulation of “anti-oxidant” transcription
factors in the forkhead box O family, may be at least partially
responsible for the conditions of hypodynamic/adynamic bone
and muscle atrophy. The fact that inflammatory reactions can
also access the FOXO anti-oxidant pathways complicate the
ability to pinpoint which body responses stem from inflam-
mation and which from stress exposure. Other unanswered
questions include how, if at all, the FOXO up-regulation is
responsible for the biphasic response of bone to inflammation
and stress with initial high bone turnover followed by hypo-
dynamic bone. In addition, the relationship between muscle
and bone is unclear under conditions of oxidative stress that
affect both tissues. At present, no management regimen ad-
dresses the pathophysiologic mechanisms elucidated here,
although the United States Food and Drug Administration has
recommendations in place at least for adults with regard to
management and prevention of glucocorticoid-induced bone
loss. In fact, while the search is being made for a common
mechanism of bone and muscle loss as a result of glucocor-
ticoid exposure, bone and muscle loss are considered two
distinct clinical entities both in the literature and by the Food
and Drug Administration.
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